Lotus-type porous copper with long cylindrical pores aligned in one direction parallel to the solidification direction was fabricated by unidirectional solidification of the melt in a mixed gas of hydrogen and argon. Compression tests were performed in the direction parallel to the cylindrical pores in order to investigate the relationship between the specimen size and compressive yield strength. The compressive yield strengths and the standard deviation decrease with an increase in specimen size. Increments of the standard deviation are caused by the standard deviation of porosity occurred by inhomogeneous pore diameter and irregular pore arrangement.
Introduction
Porous and foamed metals exhibit unique physical and mechanical properties originating from pores or cells. Because of the unique properties, they have attracted considerable attention for various applications such as light-weight materials, catalyses, electrodes, vibration and acoustic energy damping materials, and impact energy absorption materials. [1] [2] [3] Lotus-type porous metals whose long cylindrical pores are aligned in the direction parallel to the solidification direction can be fabricated by utilizing the gas solubility gap between liquid and solid. [1] [2] [3] [4] Because of aligned cylindrical pores, lotus-type porous metals have superior mechanical properties compared with conventional porous metals whose pores are almost isotropic and spherical. Therefore, they are expected to be used as light-weight structural materials, and thus, the evaluation of their mechanical properties is indispensable.
It is well-known that the mechanical properties of lotustype porous metals probably depend on porosity, pore diameter and arrangement of pores. Nakajima et al. revealed that the tensile and compressive strengths of lotus-type porous metals depend on the porosity and angle between the applied stress direction and pore direction.
5-7) Andrews et al. investigated the effect of the ratio of specimen size (L) to cell size (d), L=d, on mechanical properties of aluminum foam. 8) They revealed that Young's modulus and compressive yield strength increase to a plateau level with an increase in L=d. However, the influence of specimen size on the mechanical properties of lotus-type porous metals has not been studied yet.
In this study, we performed compression tests on lotustype porous copper with various specimen sizes to investigate the relationship between compressive yield strength and specimen size.
Experimental Procedure
In a chamber pressurized by a mixture gas of hydrogen and argon, pure copper (99.9 mass% Cu) was melted in a crucible by induction heating. The partial pressures of hydrogen and argon gases are shown in Table 1 . After the copper melt was maintained at 1523 K for 600 s to dissolve hydrogen, the melt was poured into a cylindrical mould with a diameter of 100 mm. A water-cooled copper chiller was placed at the bottom of the mould; the side wall was made of a stainless steel sheet of 0.1 mm thickness to avoid solidification from the side surface.
The compressive specimens were machined by a sparkerosion wire cutting machine (Model LN1W, Sodick Co.) for not only lotus-type porous copper and non-porous copper fabricated by unidirectional solidification, but also nonporous magnesium (99.9 mass% Mg) and non-porous iron (99.99 mass% Fe) possessing polycrystalline structure which were prepared as reference material. The dimensions of specimen are 2:5 Â 2:5 Â 10, 5 Â 5 Â 10, 10 Â 10 Â 10 and 15 Â 15 Â 10 mm 3 . The average pore diameter of the specimens was measured with an image analyzer (Win ROOF, Mitani Co.). The porosity was evaluated using both the density, calculated from the volume and the weight of a specimen, and image analyzer. Compressive tests were performed using a universal testing machine (Model 4482, Instron Co. Ltd.) in air at room temperature. The cross-head speed was set to be 0.1 mmÁs À1 . The strain was measured with an extensometer. The compressive yield strength (0.2% offset strength) was determined from the stress-strain curve. The mean values and standard deviation of compressive yield strength were obtained from the results tested above 4 specimens in each condition.
Results and Discussion
The ingots of lotus-type porous copper have various porosities and pore diameters, as shown in the cross sectional optical micrographs of Fig. 1 . The porosity and pore diameter of each ingot increase with a decrease in total gas pressure as shown in Table 1 . The pore diameter of an ingot fabricated under low total gas pressure has wider distribution ranges than that under higher total gas pressure. Figure 2 shows the typical stress-strain curves obtained from the compression test of the specimen with porosity 58%, and the curves of the specimen with sizes of 5 Â 5 Â 10, 10 Â 10 Â 10 and 15 Â 15 Â 10 mm 3 fall into three regions-(I) elastic region, (II) stress plateau region and (III) densification region. 6) However, a curve of the specimen with size of 2:5 Â 2:5 Â 10 mm 3 is shorter than that of other sizes, because buckling occurs when strain is larger than of 10%. The curves of the specimen with sizes of 10 Â 10 Â 10 and 15 Â 15 Â 10 mm 3 are identical; however, the curves of the small size specimen are changed by specimen size. These results reveal that specimen size affected the compressive behavior. Figure 3 shows the mean values and the standard deviation of 0.2% off-set yield strength plotted as a function of the specimen size. It could be found that compressive yield strength depends on specimen size; the compressive yield strength decreases with an increase in specimen size. This tendency was significant for specimens with a small pore diameter. In addition, the standard deviation of the compressive yield strength is large in the specimens not only with large pore but also with small specimen size.
It is generally accepted that the compressive yield strength of bulk metals with fine-grained polycrystalline structure increases with increasing specimen size. However, the reverse size effect is shown in the present study. In order to investigate the adequacy of compressive test, we carried out compressive test for not only non-porous copper fabricated by unidirectional solidification but also non-porous iron and non-porous magnesium with polycrystalline structure. As shown in Fig. 4 , the compressive yield strength of nonporous iron and non-porous magnesium increases with increasing the specimen size; however, the compressive yield strength of non-porous copper decreases with increas- In Fig. 3 , the standard deviation of compressive yield strength depends on both specimen size and pore diameter, and the standard deviation of compressive yield strength becomes high with decreasing specimen size in the specimen having a large pore diameter. Since it is well-known that the strength of lotus-type porous copper is closely related to porosity, the standard deviation of porosity with same specimen size was investigated using a 2D-model based on a regular honeycombs structure, 10) as shown in Fig. 5 . This structure was modified by Kovácik from a regular honeycombs model of Gibson and Ashby, 11) in order to calculate tensile behavior of porous copper fabricated by the solid-gas eutectic solidification (GASAR) process. A unit cell consists of matrix (hexagonal area) and pore (inner circle). A porosity of the unit cell is defined as the area fraction of pores, and S is the thickness of the cell walls in the centre-to-centre distance R of the neighboring pores. The values of S and R is calculated by
where p is porosity, and D is pore diameter. In present study, the lotus-type porous copper under hydrogen pressure of 0.15 MPa shows the widest standard deviation of compressive yield strength. Therefore, we set that the porosity (p) was 58%. The pore diameter (D) was considered in two cases, pore diameter of 500 and 1000 mm; though the mean pore diameter is 465 mm, the large pores above 1000 mm were observed in the frequency distribution of pore diameter ( Fig. 1(a) ). Table 2 shows the value of S and R obtained by each condition. After setting up squares with size of 0:25 Â 0:25, 0:5 Â 0:5, 1 Â 1 and 2:5 Â 2:5 mm 2 on the model, the pore area of the square was calculated with intervals of 10 mm. As shown in Fig. 6 , the standard deviation of the porosity decreases with increasing size of the square in both conditions. Especially, when the dimensions of the square become the twice of pore diameter, the standard deviation of the porosity can no longer be observed.
However, the standard deviation of the porosity in an ingot is different from the calculated results. Figures 7 and 8 show porosity and its frequency distribution measured by image analyzer. Although the mean porosity of each square size is almost same and the standard deviation of porosity decreases and its distribution becomes narrow with increasing the square size, the porosity raises up to 100% due to large pore in the dimensions of 0:5 Â 0:5 mm 2 , as shown in Fig. 1(a) . In addition, the porosity has a range from 49 to 67.9% even in dimensions of 2:5 Â 2:5 mm 2 , as shown in Fig. 8 . These results reveal that the standard deviation of porosity is caused by the ingot microstructure with a wide range of pore diameter and irregular pore arrangement. If the square size becomes larger, the influence of a wide range of pore diameter and irregular pore arrangement decreases gradually. Consequently, the standard deviation of porosity, induced by inhomogeneous distribution of pore diameter and irregular pore arrangement, affects the standard deviation of compressive yield strength. Such the decrease of standard deviation in the porosity with increasing specimen size can explain the absence of standard deviation in compressive yield strength. 
Summary
In this study, the compressive yield strength depends on the specimen size. When the specimen size is larger than 5 Â 5 Â 10 mm 3 for lotus-type porous copper with a pore diameter smaller than 465 mm, a standard deviation of compressive yield strength is low. In the case of a small specimen size with large pores, standard deviation of porosity is caused not only by irregular pore arrangement but also by an inhomogeneous distribution of the pore diameter. Finally, the standard deviation of compressive yield strength occurs due to the standard deviation of porosity.
